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Abstract.
We have measured the spectrum of the Cosmic X-ray Background (CXB) in the 2-8 keV range with the high
throughput EPIC/MOS instrument onboard XMM-Newton. A large sample of high galactic latitude observations
was used, covering a total solid angle of 5.5 square degrees. Our study is based on a very careful characterization
and subtraction of the instrumental background, which is crucial for a robust measurement of the faintest diffuse
source of the X-ray sky. The CXB spectrum is consistent with a power law having a photon index Γ = 1.41±0.06
and a normalization of 2.46±0.09 photons cm−2 s−1 sr−1 keV−1 at 3 keV (∼11.6 photons cm−2 s−1 sr−1 keV−1
at 1 keV), corresponding to a 2-10 keV flux of (2.24±0.16)×10−11 erg cm−2 s−1 deg−1 (90% confidence level,
including the absolute flux calibration uncertainty). Our results are in excellent agreement with two of the most
recent CXB measurements, performed with BeppoSAX LECS/MECS data (Vecchi et al. 1999) and with an
independent analysis of XMM-Newton EPIC/MOS data (Lumb et al. 2002), providing a very strong constrain to
the absolute sky surface brightness in this energy range, so far affected by a ∼40% uncertainty. Our measurement
immediately implies that the fraction of CXB resolved by the recent deep X-ray observations in the 2-10 keV
band is of 80± 7% (1σ), suggesting the existence of a new population of faint sources, largely undetected within
the current sensitivity limits of the deepest X-ray surveys.
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1. Introduction
The discovery of a diffuse Cosmic X-ray Background
(CXB) radiation dates back to the birth of X-ray astron-
omy: it was a serendipitous result of the same rocket ex-
periment which detected the first extra-solar X-ray source,
Scorpius X-1 (Giacconi et al. 1962). The problem of the
nature of the CXB immediately became one of the most
debated topics in astrophysics.
In the late 70’s the first broad-band measurement of
the CXB spectrum was obtained with the HEAO-1 satel-
lite. In the 3-50 keV range the data were found to follow
a thermal bremsstrahlung distribution (kT∼40 keV), well
approximated below 15 keV by a simple power law with
photon index Γ ∼ 1.4 (Marshall et al. 1980). In the same
years several pieces of evidence (see e.g. the review by
Fabian & Barcons 1992) led to the understanding that
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the bulk of the CXB above the energy of ∼1 keV is extra-
galactic in origin. COBE FIRAS observations (Mather et
al. 1990) ruled out models based on diffuse emission from
an hot intergalactic medium, strongly supporting the hy-
pothesis that the CXB is made up from the integrated
emission of faint discrete sources, with a dominant con-
tribution from Active Galactic Nuclei (AGNs) (Setti &
Woltjer 1989).
This picture has been confirmed by the results from
imaging X-ray observatories. Starting from the early ob-
servations with the Einstein satellite (Giacconi et al.
1979), coming to the recent deep surveys with Chandra
(Moretti et al. 2003 and references therein) and XMM-
Newton (Hasinger at al. 2001), a higher and higher frac-
tion of the CXB, up to 80-90% in the overall 0.5-10 keV
range, has been resolved into discrete sources, mainly ob-
scured and unobscured AGNs. Indeed, the final solution of
the origin of the CXB seems today to be quite close. The
wealth of information coming from the deep pencil-beam
X-ray surveys (Chandra Deep Field North, Brandt et al.
2001; Chandra Deep Field South, Giacconi et al. 2002),
medium-deep wide angle X-ray surveys (HELLAS2XMM,
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Baldi et al. 2002) and their multiwavelength follow-up
campaigns, combined with synthesis models (e.g. Gilli et
al. 2001), are defining the big picture, explaining which
are the sources of the CXB and constraining their cosmo-
logical properties.
One of the main uncertainties involved in the problem
is the CXB intensity itself. Since the HEAO-1 experiment,
several measurements of the CXB spectrum have been ob-
tained at energies below 10 keV. While the results on the
spectral shape confirmed a power law with Γ ∼ 1.4, the
normalization of the CXB remained highly uncertain as a
consequence of large discrepancies (well beyond the statis-
tical errors) among the different determinations. A differ-
ence as large as ∼ 40% is found from the highest measured
value (Vecchi et al. 1999 using SAX data) to the lowest one
(the original HEAO-1 experiment, Marshall et al. 1980).
Barcons et al. (2000) pointed out that two different
causes are required to explain the large scatter among
the different determinations of the CXB intensity. First,
cosmic variance: spatial variations of the CXB intensity
are expected as a consequence of its discrete nature. This
problem may be reduced by measurements covering large
solid angles. Second, systematic errors, including cross-
calibration differences, must have some role. In any case,
the measurements published after the analysis of Barcons
et al. (2000), namely Lumb et al. (2002) with XMM-
Newton EPIC and Kushino et al. (2002) with ASCA/GIS,
while differing by ∼15% only, either because of the small
covered solid angle (Lumb et al. 2002), or because of large
uncertainties in the stray light assessment (Kushino et al.
2002), do not allow to constrain the value of the CXB
normalization to a much narrower range.
An uncertain value of the intensity represents a very
severe limitation to any understanding of the ultimate na-
ture of the CXB. Even a basic information such as the
resolved fraction of the CXB cannot be firmly evaluated,
leaving largely unsolved the problem of “what is left” be-
yond the detection limits of the deepest X-ray surveys: is
there any fainter population still waiting to be resolved by
even deeper observations? is there room for truly diffuse
emission?
In this paper we present a new measurement of the
CXB spectrum in the 2-8 keV range performed with the
high throughput EPIC intrument onboard XMM-Newton.
Our study is based on a large sample of high galactic lat-
itude pointings for a total solid angle of ∼5.5 square de-
grees, reducing the effects of cosmic variance. Our analysis
includes a very robust characterization of the instrumental
background properties (including the issue of low-energy
particle contamination - so far neglected in XMM-Newton
data analysis), and particular care was devoted to the
study of the possible sources of systematics.
The paper is organized as follows: in Sect. 2 we give an
overview of the EPIC cameras instrumental background
components and of the different approaches required for
their correct subtraction. In Sect. 3 we describe in detail
the algorithm which we used to extract the CXB spectrum
starting from the raw EPIC data. In Sect. 4 we present
our results; a detailed analysis of the possible sources of
uncertainty is given in Sect. 5. In Sect. 6 our findings are
discussed and compared to previous works. Our study of
the EPIC instrumental background is quite technical and
complex, but it may be useful for the study of extended
sources such as Clusters of Galaxies; for these reasons it
is reported in detail in the Appendices A and B. In the
figures throughout the paper error bars represent 1σ un-
certainties, unless otherwise specified.
2. XMM/EPIC instrumental background issues
The European Photon Imaging Camera (EPIC) instru-
ment onboard XMM-Newton, consisting of two MOS CCD
detectors (Turner et al. 2001) and a pn CCD camera
(Stru¨der at al. 2001), has appropriate characteristics to
study faint diffuse sources: it has an unprecedented col-
lecting area (∼ 2500 cm2 @ 1 keV), a good spectral res-
olution (∼ 6% @ 1 keV) and a large field of view (15
arcmin radius), over a rather broad energy range (0.1-12
keV). However the EPIC detectors were found to be af-
fected on orbit by a rather high instrumental background
noise (Non X-ray Background, NXB). A correct character-
ization and subtraction of the NXB is the crucial step in
order to get a robust measurement of the spectrum of the
CXB, the faintest diffuse source in the X-ray sky. In this
work we will use data from the MOS cameras only. The
pn detector, having different characteristics, will require a
different approach.
2.1. Overview of the different components of the MOS
NXB
The EPIC MOS internal background can be divided into
two parts: a detector noise component and a particle-
induced component. The former is important only at low
energies (below ∼0.4 keV) and will not be studied in this
paper, since it is not a matter of concern for the measure-
ment of the CXB in the 2-8 keV energy band; the latter
dominates above 0.4 keV and therefore deserves a detailed
characterization.
The signal generated by the interactions of particles
with the detectors and with the surrounding structures
has properties (temporal behaviour, spectral distribution,
spatial distribution) largely depending on the energy of
the impinging particles themselves.
High energy particles (E> a few MeV) generate a sig-
nal which is mostly discarded on-board on the basis of an
upper energy thresholding and of a PATTERN analysis
of the events (see e.g. Lumb et al. 2002). The unrejected
part of this signal represent an important component of
the MOS NXB. Its temporal behaviour is driven by the
flux of energetic particles; its variability has therefore a
time scale much larger than the length of a typical ob-
servation. We will refer to this NXB component as to the
“quiescent” background.
Low energy particles (E∼ a few tens of keV) acceler-
ated in the Earth magnetosphere can also reach the detec-
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tors, scattering through the telescope mirrors. Their inter-
actions with the CCDs generate events which are almost
indistinguishable from valid X-ray photons and therefore
cannot be rejected on-board. When a concentrated cloud
of such particles is channeled by the telescope mirrors to
the focal plane, a sudden increase of the quiescent count
rate is observed. These episodes are known as “soft proton
flares” since it is believed that the involved particles are
protons of low energy (soft); the time scale is extremely
variable, ranging from ∼100 s to several hours, while the
peak count rate can be more than three orders of mag-
nitude higher than the quiescent one. The extreme time
variability is the fingerprint of this background compo-
nent; it will be hereafter called the “flaring” NXB or “Soft
Proton” (SP) NXB.
An additional component of background can be gener-
ated by a steady flux of low energy particles, reaching the
detectors through the telescope optics at a uniform rate.
No convincing evidence for the importance of such a NXB
component have been so far presented (but see De Luca
& Molendi 2002 for a preliminary study) and its presence
has been always neglected. In this work the existence of
such quiescent low-energy particle background, as well as
its impact on science, will be carefully studied.
2.2. How to deal with the different MOS NXB
components
The standard result of an EPIC observation, after prelim-
inary data processing, is an event list, basically containing
the energy, the time of arrival and the position on the field
of view of all of the collected photons. The list includes,
besides good events generated by photons from cosmic
X-ray sources, spurious events due to the non X-ray back-
ground. Noise events indeed represent the large majority
in a typical blank sky pointing, when no bright sources
are observed.
It is quite easy to identify the flaring background. Time
variability is its signature, a light curve can immediately
show the time intervals affected by an high background
count rate. Such intervals are unusable for the analysis
of faint diffuse sources and have to be rejected with the
so-called Good Time Interval (GTI) filtering, which essen-
tially consists in discarding all of the time interval having
a count rate above a selected threshold. The problem is
particularly critical when the target of the observation is
the CXB. A maximally efficient GTI filtering is required
to study the faintest diffuse source of the sky: a good ex-
posure time as high as possible is needed to maximize the
statistics; conversely, even a low level of unrejected soft
proton NXB could bias the measure of the CXB spec-
trum. The problem of GTI selection will be addressed in
Sect. 3.2.
After the application of the GTI, a residual component
of soft proton background may survive. This can result
from different causes. For instance, low-amplitude flares,
yielding little variations to the quiescent count rate, could
be missed by the GTI threshold. Moreover, a slow time
variability could hamper the identification of a “flare”: in
the most extreme case, a steady flow of particles imping-
ing the detector during all of the duration of an observa-
tion would be almost impossible to identify by means of
a time variability analysis. In such cases the unrejected
NXB component could be revealed with a surface bright-
ness analysis. As stated before, low energy particles are
focused by the mirrors and therefore the spatial distribu-
tion of the induced NXB varies across the plane of the
detectors. We remember that a rather large portion of the
MOS detectors is not exposed to the sky (hereafter called
“out Field Of View”, out FOV) and therefore neither cos-
mic X-ray photons nor low energy particle induced events
are collected there1. The study of the out FOV region al-
lows to identify the observations affected by an anomalous
low-energy particle NXB and to measure its level. This is-
sue will be discussed in Appendix B, where we also study
the impact on science of such NXB component.
The final step required to remove the effects of NXB
is to account for the quiescent component. Unfortunately,
the quiescent NXB has no characteristic signatures and
there are no recipes to separate good events from spuri-
ous events. A spectrum extracted from the event list ob-
tained at this step (i.e. after GTI filtering and a check for
the residual SP NXB) would be the superposition of the
CXB and of the quiescent NXB. The only way to solve
this problem is to get an independent measurement of the
quiescent NXB spectrum. Its subtraction from the total
(CXB+quiescent NXB) spectrum yields the pure CXB
spectrum. The crucial problem is that the NXB spec-
trum, resulting from an independent measurement, must
be representative of the actual quiescent NXB which is
present in a typical observation of the sky; otherwise, the
determination of the CXB would be dramatically biased.
There are two ways to measure the quiescent NXB in the
MOS. Firstly, through the analysis of the out FOV regions,
where no X-ray photons or soft protons can reach the fo-
cal plane through reflections/scatterings by the telescope
optics. Secondly, through the study of the observations
with the filter wheel in closed position: in this configura-
tion, an aluminium window prevents X-ray photons and
low energy particles from reaching the detectors. The is-
sue of a solid independent measure of the quiescent NXB
is addressed in Appendix A, where we give the results of
a long-term study of the quiescent background. Our anal-
ysis favours the choice of the closed observations over the
out FOV, as the former provides an NXB spectrum better
suited to study the CXB.
1 Indeed, owing to the finite CCD transfer time, a minor frac-
tion of in FOV events is wrongly assigned to the out FOV re-
gion as Out Of Time events. Such events correspond to ∼0.35%
of the out FOV surface brightness and therefore they may be
neglected to the aims of our work.
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3. The algorithm to measure the CXB spectrum
This study is based on a rather large sample of MOS
data including calibration, performance verification and
granted time observations; public observations retrieved
through the XMM-Newton Science Archive facility were
also used. The initial dataset consist of (i) a compilation
of (mostly) blank sky fields observations and (ii) a list
of observations performed with the filter wheel in closed
position.
We have developed an ad-hoc pipeline to perform the
different steps of the analysis in an automated way. The
implemented algorithm has the following main steps:
– For each individual observation (both sky fields and
closed): preliminary data processing, event selection,
GTI filtering; for the sky fields observations only: def-
inition of the field of view (excision of the eventual
bright target of the observation).
– For sky fields observations: check for a residual
soft proton contamination and definition of the best
dataset for the study of the CXB.
– Stacking of the data (sky fields and closed), extraction
of the source (sky) and background (closed) spectra
corrected for vignetting.
– Renomalization of the background spectrum, spectral
analysis.
All of these points will be described in detail in the fol-
lowing sections. The automatic pipeline allowed to repeat
the whole study varying the values for different param-
eters (from the flaring NXB threshold to the number of
observations used) and to obtain a robust evaluation of the
systematic errors involved, which will presented in Sect. 5.
3.1. Preliminary data selection and preparation
We selected only high galactic latitude fields (|b| ≥ 28◦).
We avoided pointings towards the Magellanic Clouds,
Cluster of Galaxies, as well as observations of very bright
targets. The selected fields were observed between revolu-
tion number 57 and revolution number 437. We retrieved
the closed observations performed in the same time inter-
val, between revolution 25 and 462.
The selected data were processed through the standard
pipeline for event and energy reconstruction (emproc task
in the XMM Science Analysis Software - SAS). In our long
term project we used different releases of the SAS, from
v5.0 to v5.3.3. Different SAS versions are expected to give
little differences to the aim of this work; we investigated
this problem as a source of systematic errors in Sect. 5.1.
As stated in Sect. 2.1, electronic noise is not a mat-
ter of concern in the study of the high energy (2-8 keV)
CXB. However, hot pixels yielding a signal in the range
of energy of interest have been occasionally observed. Bad
pixels not uploaded for on-board rejection are automati-
cally searched and discarded by the event reconstruction
pipeline, but low-level flickering pixels may be missed. We
developed an ad-hoc algorithm, based on the IRAF task
cosmicrays, in order to identify and reject them.
Following standard prescriptions (see e.g. XMM-
Newton Users’ Handbook), we extracted good events
with appropriate selections on the FLAG (the expres-
sion (FLAG & 0x766a0000)==0) allows to choose good
events collected over the whole detector plane) and on the
PATTERN (PATTERN<=12) parameters.
We then applied a geometric mask (a circle of 2.5 ar-
cmin radius, including >98% of the source counts) to ex-
clude the eventual bright central target of the observation,
to avoid biassing the determination of the CXB inten-
sity, which is properly computed by integrating the con-
tributions of all the resolved and unresolved serendipitous
sources present in our sample of sky fields.
For each observation, events from the in FOV and of
the out FOV regions were separated and stored into two
independent event lists. Events in FOV were selected with
the expression (FLAG & 0x10000)==0, considering only
a circle of 13.75 arcmin radius. Events from out FOV re-
gion were selected with (FLAG & 0x10000)!=0, with the
constrain of an off-axis angle greater than 15 arcmin. A
further spatial mask was applied to the out FOV event list
to discard a region in CCDs Number 2 and 7 of both MOS1
and MOS2 cameras, where both X-ray photons and low
energy particles can reach the detectors, possibly scatter-
ing through cuts in the camera body originally designed to
accomodate a calibration source which was not installed.
3.2. Flaring background screening
An efficient removal of the flaring background is a cru-
cial step. A standard prescription (see e.g. Kirsch 2003)
to identify high particle background time intervals is to
study the light curve in the high energy (e.g. 10-12 keV)
range, where the signal from cosmic sources is negligible.
However, it is observed that the flares generally turn on
or off at different times at low and high energy (Lumb et
al. 2002). Flares having a particularly soft spectrum may
be completely missed when the high energy range only is
studied.
Since the study of the faint CXB requires a very effi-
cient rejection of the flaring NXB, we decided to use the
overall energy band 0.4-12 keV to search for the flares.
We developed an algorithm to obtain an automated and
homogeneous screening from the flaring NXB allowing for
the identification of an ad-hoc count rate threshold for
each observation.
As a first step, a light curve in the 0.4-12 keV band is
extracted with time bins of 30 s from the whole in FOV
region. An histogram of the distribution of the counts is
then built. The main peak in the histogram, correspond-
ing to the poissonian distribution of the quiescent counts
from the field, is identified and its position is computed
by means of a simple fit with a Gaussian function (which
represent an adequate approximation of the Poisson dis-
tribution for the observed mean number of counts per bin
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µ ∼ 40). All of the time intervals which have a number
of counts exceeding by more than 3.3σ the mean are re-
jected. We discard also the time intervals corresponding
to 0 counts. The chance occurrence probability of the “0
counts event” on the basis of the Poisson distribution is
of order e−40 or ∼ 4× 10−18. The presence of a noticeable
number of time bins with 0 counts is therefore to be as-
cribed to telemetry gaps or to other problems in the data
flow; the corresponding time intervals have therefore to be
rejected when computing the good exposure time. The al-
gorithm is applied independently on each of the datasets.
The resulting good exposure time is computed summing
the selected good time intervals, then applying the dead
time correction. In Fig. 1 and 2 we show the typical light
curve of a blank sky field (affected by intense SP flares
in the last part) and the corresponding histogram of the
counts/time bin. The adopted GTI threshold on the count
rate is also shown in both cases.
The flaring background signal, as expected, is not seen
either in the out FOV region in the sky fields observations,
or in the closed observations. Nevertheless, the GTI iden-
tified for each sky field observation was applied also to the
corresponding event list for the out FOV region of the de-
tectors, in order to allow for a coherent comparison of the
datasets. For consistency, a GTI filtering using the same
prescription (for both the extraction of the light curve and
the selection of the threshold) was also performed on the
closed observations, yielding in any case the rejection of a
negligible part of the exposure time.
In Sect. 5.2 we will study how a different choice for the
GTI threshold can affect the determination of the CXB
spectral parameters.
3.3. Check for residual soft proton background
A component of soft proton background may survive af-
ter GTI screening: two peculiar phenomenologies of flares
cannot be properly identified by our automated algorithm.
This is the case of (i) extreme variability in the light curve,
(ii) conversely, very slow time variability of the soft proton
flux. In both cases, the peak in the histogram of the count
rates (see previous section) has a significant contribution
from soft proton NXB. This could introduce a bias in the
measure of the faint CXB spectrum.
We have developed a simple diagnostic to identify the
observations which are contaminated by such a soft pro-
ton NXB component. The ratio R between the surface
brightness in FOV (ΣIN ) and the surface brightness out
FOV (ΣOUT ) in the range 8-12 keV is used to identify
an anomalous NXB affecting only the in FOV region (as
expected in the case of a residual soft proton component,
owing to the focusing of the low energy particles by the
telescope optics). The details of our study of the residual
soft proton NXB component, demonstrating its impact
on the measure of the CXB spectrum, are presented in
Appendix B.
The spectral shape of the contaminating NXB was
found to vary in an unpredictable way from observation
to observation. To get a robust measure of the CXB, we
decided therefore to discard the most affected observa-
tions. Particular care was then devoted to the selection
of the best observations, free from significant residual soft
proton contamination, setting an appropriate threshold
(Rmax = 1.3) on the value of the ratio of the surface
brightnesses ΣIN/ΣOUT (see Sect. 5.3 for a study of the
possible involved systematics). As a result, we rejected 9
observations out of 51 for the MOS1 and 6 out of 49 for
the MOS2, corresponding to the 12% and 10% of the total
exposure time, respectively.
3.4. Stacking of the data
We merged all the selected observations using the SAS
task evlistcomb (we are interested in the detector coordi-
nates only) to obtain four event lists, corresponding to the
in FOV and the out FOV data for both the sky fields and
the closed observations.
For each merged event list we built an appropriate
exposure map, computing the total exposure time corre-
sponding to each position in detector coordinates. The re-
sulting exposure map for the sky fields event list in FOV
is not uniform due to the rejection of the central bright
sources which were the original targets of the individual
observations and to the presence of a few observations in
small window mode. Conversely, the exposure map for the
closed observations is of course flat.
3.5. Extraction of the spectra corrected for vignetting
The decrease of the effective areas as a function of increas-
ing off-axis angle causes a loss of flux which is known as
vignetting. To correct for this effect, we developed an algo-
rithm based on a photon weighting method, similar to the
CORRECT algorithm implemented in the EXSAS soft-
ware for ROSAT (Zimmermann et al. 1998). Each photon
having an energy Ej belonging to the I
th spectral channel
(E(I) < Ej < E(I + 1)) falling at the position (xj ,yj) in
detector coordinates gives a contribution
Aeff (0, 0, Ej)
Aeff (xj , yj , Ej)
1
t(xj , yj)
to the count rate in the spectral channel I; in the pre-
vious relation Aeff (0, 0, Ej) and Aeff (xj , yj , Ej) are the
effective areas at energy Ej on-axis and at the position
(xj , yj) respectively; the exposure time t(xj , yj) is read
from the exposure map (see previous section). In this way
the extracted spectrum is automatically corrected for the
vignetting. Spectra were accumulated for both PATTERN
0-12 events (the standard selection, see Kirsch 2003) and
PATTERN 0 only (single pixel events) for a consistency
check.
The background spectrum from the merged closed
event file was obtained using the same method. The NXB
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is not vignetted; however, since the correction is applied
to the total (CXB+NXB) spectrum from the merged sky
event list, the same correction to the (pure NXB) spec-
trum, extracted from the same detector region, is required.
This photon weighting method has the advantage of al-
lowing for an exact correction of the vignetting effect, ac-
counting for a non-uniform exposure map as well as for
spatial variations in the NXB.
3.6. Renormalization of the NXB spectrum
A renormalization is needed to account for the different
intensities of the NXB in the sky fields and in the closed
observations due to the non-simultaneity of the measure-
ment. To compute the renormalization factor, taking ad-
vantage of the very high statistic, we used the energy range
10-11.2 keV where no fluorescence lines (possibly having
different time behaviour wrt. the continuum, see Appendix
A) are present and where the expected CXB signal is neg-
ligible, being of order 0.2%. The ratio of the count rates in
the total (CXB+NXB) and (pure NXB) spectra is com-
puted and used as renormalization factor for the NXB
spectrum. In Sect. 5.4 we will study the effects of the un-
certainty in this operation.
3.7. Spectral analysis
The spectra from the merged sky fields were rebinned by a
factor of 10 to obtain a good statistic in each energy chan-
nel after background subtraction. The adopted vignetting
correction method requires the use of the on-axis redistri-
bution matrices2 and effective area files. For each camera,
we used an exposure-weighted effective area file computed
as a linear combination of the MOS1/2 effective areas pro-
vided by the XMM-Newton Science Operation Centre for
the different optical filters, the weights being the fractions
of the total exposure time corresponding to each filter.
The 2-8 keV range was selected for the analysis. Lower
energies were not used to avoid (i) contaminations by the
soft galactic component of the CXB (emerging below ∼1
keV) and (ii) possible artefacts due to an imperfect sub-
traction of the bright Al-K and Si-K fluorescence lines (in
the 1-2 keV range - see App. A). Above 8 keV the col-
lected CXB signal is marginal.
The spectral analysis was performed within XSPEC
v11.0. The spectral model was a simple absorbed power
law. The interstellar absorption NH was fixed to the
exposure-weighted average of the values of the selected
fields. We added to the model multiple gaussian lines to
account for possible differences in intensity of the bright-
est fluorescence lines (Cr, Mn, Fe in the 5-7 keV spectral
2 The ground calibration campaign demonstrated that the
Quantum Efficiencies of the different CCDs are uniform above
∼0.3 keV (the differences were measured to be <2% at 2 keV,
Vercellone 2000). In our analysis we account for possible sys-
tematics affecting the absolute flux measurement as discussed
in Sect. 5.9.
range) in the sky and in the closed observations. Their en-
ergies and FWHM (which are constant across the detector
plane, see Sect. A.2) were fixed to the values computed us-
ing the out FOV data (sky and closed observations yielded
fully consistent results).
To minimize the correlation between the CXB spectral
parameters (photon index and intensity), the normaliza-
tion of the power law was evaluated at the barycentre of
the selected energy range (see Ulrich & Molendi 1996),
which in our case is found to lie at ∼3 keV. MOS1 and
MOS2 data were studied both separately and in a symul-
taneous fit.
4. Results
The final dataset includes 42 sky fields for the MOS1 cam-
era and 43 for the MOS2. The total exposure time is of
∼1.15 Ms per camera. The solid angle covered by the data,
summing the contribution of each observation (accounting
for the differences in field of view due to the readout mode
or to the excision of the central target) is of ∼5.5 square
degrees (34 different pointing directions) per camera. The
closed data amount to ∼430 ksec per camera.
The spectrum of the cosmic X-ray background as seen
by the MOS instruments is shown in Fig. 3. We note
that the CXB signal is very low if compared to the quies-
cent NXB, accounting for only ∼20% of the counts in the
(vignetting-corrected) spectrum from the sky field merged
dataset in the 2-8 keV range.
The two cameras yield fully consistent results within
the statistical uncertainties (see Table 1). A symultane-
ous fit to the data (χ2ν = 1.15, 72 d.o.f.) yields a photon
index of 1.41±0.04 and a normalization of 2.647 ± 0.038
photons cm−2 s−1 sr−1 keV−1 at 3 keV (to be corrected
for the stray light, i.e. the contribution to the collected
flux due to photons coming from out-of-field angles). The
quoted uncertainties are the statistical errors at the 90%
confidence level for a single interesting parameter.
A careful study of the possible sources of errors led us
to compute the overall uncertainty (systematics included)
to be of 4% for the photon index and of 3.5% for the nor-
malization. The details of the error analysis are presented
in the next section.
After correcting for the stray light (see Sect. 5.6), the
MOS results on the 2-8 keV CXB spectrum are:
Γ = 1.41± 0.06
N = 2.462± 0.086
where the normalization N is expressed in photons
cm−2 s−1 sr−1 keV−1 at 3 keV.
The resulting flux in the 2-10 keV energy range is of
(2.24±0.16)×10−11 erg cm−2 s−1 deg−2. The error (90%
confidence) includes also an extra 5% uncertainty as an
estimate of the absolute flux calibration accuracy of the
MOS cameras. To ease a comparison with previous works,
the corresponding normalization at 1 keV is of ∼11.6 pho-
tons cm−2 s−1 sr−1 keV−1.
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5. Analysis of errors
A very careful evaluation of the possible sources of error,
including systematics, is of paramount importance in the
measure of a faint source such as the CXB. In the following
sections the quoted errors on the spectral parameters are
at 90% confidence level for a single interesting parameter.
5.1. Effect of the use of different SAS versions
As stated in Sect. 3.1, in this work different SAS releases
(namely v5.0, v5.3.0, 5.3.3) were used to perform the pre-
liminary processing of the data. We processed ∼ 100 ksec
per camera of closed observations with the SAS v5.3.3 to
be compared with the corresponding datasets in our com-
pilation processed through SAS v5.0. The analysis and
the extraction of the spectra were performed as described
in Sect. 3. A linear fit to the ratio of the two spectra in
the range 2-12 keV was found to be fully consistent with
a constant equal to 1, the slope being statistically null.
Nevertheless, as a further step we used the computed (90%
confidence) limits on the slope to modify the final quies-
cent NXB spectrum (i.e. the one used in Sect. 4); such
“distorted” spectrum was used to study the CXB, running
the second part of our pipeline. We obtained a variation
of ∼2% in the best fit photon index value, and a variation
of ∼1.5% in the normalization. Such values, comparable
to the statistical uncertainties (see Sect. 4), represent a
very conservative estimate (indeed, a worst case) of the
possible systematics associated with the use of different
SAS versions.
5.2. Effect of different thresholds for soft proton
screening
We took advantage of our automated pipeline to study
the effects of different prescriptions for the GTI filtering
(see Sect. 3.2) directly on the best fit parameters of the
CXB, simply running the whole pipeline several times,
using different values for the GTI selection parameters.
While different recipes to build the light curve are gener-
ally less efficient, we investigated the effects of a different
choice for the count rate threshold. This is indeed a cru-
cial problem. Lumb et al. (2002) reported a variation of
the cosmic background spectral parameters as a results
of different flare screenings, but they did not present any
systematic study of this effect.
The results for the photon index and the normaliza-
tion of the CXB as a function of the threshold (in units of
sigma from the average count rate) are shown in Fig. 4 and
Fig. 5. It is evident that the selected 3.3σ level represent
an optimal threshold. Little changes in the adopted value
(in both directions) have essentially no effects on the best
fit CXB parameters. The choice of significantly lower val-
ues implies the rejection of positive random fluctuations
from the good count rate, lowering the inferred normal-
ization; conversely, the choice of significantly higher val-
ues implies the inclusion of a fraction of soft proton NXB
which increase the derived CXB normalization.Within the
“good” range for the GTI threshold identified in this study
(∼ 2.9σ − 3.8σ), the variations of the photon index and
normalization of the CXB spectrum are always smaller
than the statistical uncertainties. We therefore consider
any systematic error associated with the GTI threshold-
ing to be negligible.
5.3. Effect of a different threshold for the residual soft
proton NXB
As shown in Appendix B.2, the residual soft proton back-
ground may introduce a strong bias in the measure of the
CXB spectral parameters. It is therefore very important
to check if our recipe to define a good, non-contaminated
dataset on the basis of the ratio of surface brightnesses
ΣIN/ΣOUT (see Sect. 3.3 and Appendix B) is a possible
source of systematics. We studied directly the variation of
the CXB spectral parameters as a function of the thresh-
old Rmax on the ratio ΣIN/ΣOUT . For each selected value
of Rmax (we explored the range ∼0.95-2.7), the datasets
below the threshold were merged and the CXB spectrum
extracted and analyzed running our automatic pipeline.
The computed best fit CXB photon index and normaliza-
tion are plotted as a function of the threshold Rmax in
Fig. 6 and 7, respectively. While the value of the photon
index does not change significantly as a function of Rmax,
in the case of the normalization a peculiar trend is seen
and can be easily interpreted. When the threshold Rmax
is high (>1.5), the contributions of the contaminated ob-
servations is important. Decreasing values of Rmax yield
therefore a significant variation in the CXB normalization
as a result of the rejection of an increasing number of bad
observations. The trend disappears and the normalization
become stable when the contaminated observations have
been discarded. Further decreases of Rmax lead to the ex-
clusion of good observations with positive fluctuations of
the ratio ΣIN/ΣOUT . The break occurs for Rmax ∼1.5.
We assume conservatively Rmax=1.3 to define our final
dataset to study the CXB. An inspection of Fig. 6 and
7 shows that for slightly different choices of Rmax in the
“good” range ∼ 1.0 ÷ 1.4 the variations of the best fit
CXB slope and normalization are small with respect to
the statistical uncertainties. We conclude therefore that
our approach for identifying and rejecting contaminated
observations is robust and free from systematics.
We note in addition that a new break is observed in
Fig. 7 for Rmax ∼0.95. This occurs when the threshold
Rmax is below the average value of the ratio ΣIN/ΣOUT .
In these cases, only dataset with a negative fluctuation of
the ratio are included.
5.4. Effect of the NXB spectrum renormalization
As stated in Sect 4, the NXB accounts for ∼80% of the
counts in the 2-8 keV energy range for a blank sky ob-
servation. It is therefore evident that even small errors in
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the renormalization of the NXB spectrum can yield large
effects on the inferred CXB spectrum. The uncertainty on
the renormalization factor, computed using standard er-
ror propagation, is of 0.8% for both MOS1 and MOS2.
This translates in an uncertainty of 2.1% in the best fit
photon index for the CXB spectrum, and of 1.9% for the
normalization.
5.5. Check of the Vignetting curve calibration
The vignetting function of the X-ray telescopes is well cal-
ibrated (Lumb et al. 2002; Kirsch 2003); the main sources
of uncertainty (currently under investigation by the cali-
bration team) are a possible∼1 arcmin offset of the optical
axis from the nominal position and the azimuthal modu-
lation induced by the Reflection Gratings Assemblies, in-
stalled on the light path of the X-ray telescopes having the
MOS cameras at their primary foci. As a consequence, the
absolute flux of a point source has an uncertainty of order
≤5%. Since in this work we use events extracted from al-
most all of the MOS field of view, the uncertainty on the
collected flux induced by the two quoted effects should
be much lower, since possible errors in the vignetting
corrections across the FOV should partially compensate.
Following Lumb et al. (2002), we therefore assume 1.5%
as an estimate of the uncertainty on the effective areas.
As a consistency check, we have divided the FOV of
the instrument into six regions lying at increasing off-axis
angles from the nominal optical axis position, namely a
central circle of 4 arcmin radius and 5 circular annuli of
2 arcmin width. We repeated the whole analysis for each
region separately, computing independent values for the
best fit spectral parameters of the CXB. In Fig. 8 and
9 we plotted the photon index and the normalization of
the CXB as a function of the off-axis angle for the MOS1
camera; the MOS2 case is very similar. As expected, no
systematic effects can be seen, the observed fluctuations
are smaller than the statistical uncertainties.
A study of the vignetting curve calibration using slew
data is currently in progress. A preliminary analysis of
∼180 ksec of data showed hints for deviations from the
nominal behaviour in agreement with the above quoted
hypothesis of an offset of the aimpoint. The stray light
component (see next section), possibly centrally peaked,
may also play a role (D.Lumb, private communication).
5.6. Stray light
At the time of writing, no updates in the evaluation of the
contribution to the collected flux from photons gathered
from out-of-field angles have been published by the cali-
bration team. We therefore assume the estimate by Lumb
et al. (2002): an out-of-field scattered flux of order 7% of
the good focused in-field signal, with an associated sys-
tematic uncertainty of 2%.
The main contribution to the stray light is due to
sources within 0.4-1.4 degrees from the optical axis (Lumb
et al. 2002). As a further check, we have used the avail-
able data from past and current X-ray mission to search
for very bright sources lying in the quoted annular region
for each of the pointings. We found only one relatively
bright source at the ∼ 3 × 10−11 erg cm−2 s−1 level in
the 2-8 keV energy range. A few (5) other sources were
found, with fluxes of the order of a few 10−12 erg cm−2
s−1. According to the efficiency of the X-ray baffle quoted
by Lumb et al. (2002), these should not represent a matter
of concern for the evaluation of the CXB normalization.
5.7. Effect of event PATTERN selection
For a consistency check, we repeated the spectral analysis
for the case of PATTERN 0 events only (i.e. single pixel
events, see XMM-Newton Users’ Handbook). The results
are reported in Table 2, where the quoted errors are pure
statistical uncertainties at the 90% confidence level for a
single interesting parameter.
When the uncertainty associated to the renormaliza-
tion of the quiescent NXB spectrum (∼2% for both the
photon index and the normalization, see Sect. 5.4) is taken
into account, the results from the PATTERN 0-12 data
(Sect. 4) and from PATTERN 0 events only are found to
be in good agreement. We therefore assume any system-
atic effect associated with the event PATTERN selection
to be negligible.
5.8. Effect of the internal fluorescence line modeling
The fluorescence line component of the quiescent NXB
varies strongly across the detector plane (see Sect. A.2).
To account for this effect, we extract the source (sky fields)
and background (closed) spectra from the same detector
region. Residual differences in the line intensity are due
to time variation of the fluorescence NXB (sky fields and
closed observations are not symultaneous), possibly differ-
ent with respect to the continuum NXB variation which is
corrected by the closed spectrum renormalization. To solve
the problem we have included multiple gaussian lines in
the CXB spectral model (see Sect. 3.7).
To assess the possible effect of such correction on the
CXB best fit parameters, we have repeated the spectral
analysis removing the gaussian lines. In this case, the fit
to the data is found to be somewhat worse (χ2ν = 1.28,
79 d.o.f.), owing to higher residuals in correspondence of
the line energies. The best fit normalization is found to be
in full agreement (within less than 0.1%) with the value
quoted in Sect. 4, while the photon index is consistent
within ≤2% (≤ 1σ statistical uncertainty).
We note that when the correction is applied, any sys-
tematics effect on the CXB spectral parameters should be
smaller than the above quoted differences, and therefore
negligible with respect to the pure statistical errors.
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5.9. Absolute flux calibration
We can evaluate the uncertainty affecting absolute flux
measurements with EPIC/MOS on the basis of the re-
sults of the cross-calibration with other satellites. Kirsch
(2003) and Molendi & Sembay (2003) reported a compar-
ison of the spectral results on suitable calibration sources
studied with different instruments. The agreement on the
measured fluxes in the 1-10 keV range is very good, within
a few %, with a standard deviation of order 5%. We as-
sume 5% as a conservative estimate of the uncertainty on
the absolute flux calibration of EPIC.
6. Discussion
Our measurement of the intensity of the Cosmic X-ray
Background has been plotted in Fig. 10 (adapted from
Moretti et al. 2003), together with previous determina-
tions. To be conservative, in order to identify the most
probable range of sky surface brightness constrained by
our data, we have used an estimate of the accuracy of the
cross-calibration in absolute flux among different recent
instruments (see Sect. 5.9) as a measure of the absolute
flux calibration uncertainty of EPIC.
Our results are in full agreement with the BeppoSAX
LECS/MECS analysis of Vecchi et al. (1999) and with
the study of Lumb et al. (2002) using XMM-Newton
EPIC/MOS data. The ASCA GIS measure of Kushino
et al. (2002) is marginally consistent with ours, while the
HEAO-1 value (Marshall et al. 1980) is significantly lower.
As discussed by Barcons et al. (2000), part of the dis-
persion of the different measurement can be ascribed to
cosmic variance. The above authors estimated that differ-
ences up to ∼10% in the CXB intensity are expected when
the solid angle is of order 1 square degree. They concluded
therefore that systematic errors and cross-calibration dif-
ferences among different instruments must be present.
The HEAO-1 measurement, performed on∼ 104 square
degrees, is the most robust as for solid angle coverage.
However, all of the subsequent measurements yielded sys-
tematically higher values, casting at least some doubts
on the absolute flux calibration of the HEAO-1 instru-
ments. We note that a recent reanalysis of the HEAO-1
data (Gruber et al. 1999), as pointed out by Gilli (2003),
showed differences of order 10% among different detectors
in the overlapping energy ranges.
Two new measurements have been published since the
analysis of Barcons et al. (2000). Lumb et al. (2002) used
a combination of 8 XMM-Newton EPIC/MOS pointings
covering ∼ 1.2 square degrees. Their approach for the
instrumental background subtraction (based on a model
of the out FOV spectrum) is markedly different from
ours and therefore their determination is to be considered
largely independent from the measurement presented in
this work. The ASCA/GIS study of Kushino et al. (2002)
was performed over a large solid angle (∼50 square de-
grees) to minimize the effects of cosmic variance. However,
the large stray light component (∼40% of the collected
flux) affecting ASCA represents a severe limit to the abso-
lute flux measurement of the CXB, which they estimated
to be uncertain at the ∼10% level.
In our analysis, we used a compilation of sky point-
ings covering ∼ 5.5 square degrees. The effects of cosmic
variance (roughly scaling as Ω−1/2) on our measure of
the CXB intensity should be rather small, being of the
same order of the overall quoted uncertainty (∼ 4%).
Our measurement, performed with the well-calibrated
EPIC/MOS instrument, relies on a very robust character-
ization and subtraction of the instrumental background;
possible sources of systematics were carefully studied and
their impact on the determination of the CXB spectrum
was evaluated. In conclusion, these considerations, cou-
pled to the excellent agreement of our findings with the
results of two of the most recent investigations, lead us to
believe that the measurements of the CXB intensity have
finally converged to a well constrained value, significantly
higher than the former result from HEAO-1 data, assumed
more than 20 years ago as a reference.
It is very interesting to compare our new measurement
of the CXB intensity with the source number counts de-
rived from the recent deep X-ray observations. Moretti
et al. (2003) have built a LogN/LogS function using a
very large source compilation, including the results from
six different surveys, both pencil-beam and wide-field,
performed with ROSAT, Chandra and XMM-Newton.
We assume here their results for the integrated flux
of the 2-10 keV source counts down to the sensitivity
limit of the 1 Ms Chandra Deep Fields (∼ 1.7 × 10−16
erg cm−2 s−1). Our measurement of the CXB intensity,
FCXB=(2.24±0.10)×10
−11 erg cm−2 s−1 deg−1 (1σ er-
ror, including the absolute flux uncertainty), implies that
80+7
−6% of the cosmic X-ray background has been resolved
into discrete sources in the 2-10 keV band. Even extrapo-
lating the LogN/LogS down to fluxes of ∼ 10−17 erg cm−2
s−1 (a factor of 10 below the detection limit of the deep
surveys) the integrated flux would rise only to ∼84% of
the CXB (due to the slow growth of the faint branch of the
LogN/LogS), not consistent with its total value. A new
class of faint sources (possibly heavily absorbed AGNs, or
star-forming galaxies, see Moretti et al. 2003 and refer-
ences therein) could emerge at fluxes of a few 10−16 erg
cm−2 s−1, steepening the LogN/LogS and accounting for
the remaining part of unresolved CXB. Some contribution
to the CXB could also be due to truly diffuse emission.
The analysis of the deepest 2 Ms Chandra Deep Field
North and of the XMM deep pointing to the Lockman
Hole and of their associated multiwavelength follow-up
campaign, will shed light on the issue. On the basis of a
well constrained value for the CXB intensity, the new ob-
servations will possibly allow for an ultimate understand-
ing of the CXB nature.
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Fig. 1. Light curve of a typical sky field observation.
Events are extracted from the in FOV region in the energy
range 0.5-12 keV; time bin is 30 s. The second part of the
observation is affected by intense soft proton flares, the
peak count rate is more than 200 times higher than the
quiescent one. The selected threshold, in units of sigma of
the quiescent count rate distribution (see text and Fig. 2),
is marked with a dashed line.
Fig. 2. Histogram of the count rate distribution for a typ-
ical sky field observation. The corresponding light curve
is shown in Fig. 1. The peak corresponds to the quiescent
count rate Poisson distribution; points falling to the right
correspond to the soft proton flares. The GTI threshold,
in units of sigma of the quiescent count rate distribution,
is marked with a dashed line.
Appendix A: An independent measure of the
quiescent NXB spectrum
The quiescent NXB component due to the interaction of
high-energy particles with the detectors and the other
structures of the telescopes/cameras bodies can be stud-
ied in two ways: (i) considering the out FOV regions of the
detectors and (ii) using the closed observations. In both
Fig. 3. The cosmic X-ray background spectrum in the
2-8 keV range is displayed, folded with the instrumental
response. MOS1 data are represented in red, MOS2 in
black. The best fit model is overplotted. The lower panel
shows the residuals in units of sigma.
Fig. 4. The best fit photon index of the CXB is plotted as
a function of the selected GTI threshold (in units of sigma
of the quiescent count rate distribution - see Sect. 3.2).
Errors (at 90% confidence level for a single interesting pa-
rameter) include the uncertainty on the renormalization of
the quiescent NXB spectrum. The adopted 3.3σ threshold
is marked by the vertical solid line. No significant varia-
tions in the CXB photon index are obtained as a result
of different choices of the GTI threshold within the range
∼ 2.9− 3.8σ, marked by the dotted vertical lines.
cases, the collected signal is purely cosmic-ray induced,
with no contributions from X-ray photons or soft protons.
To the aim of a measure of the CXB spectrum, out
FOV regions offer the advantage of a NXB measurement
simultaneous with the CXB observation. A disadvantage
is represented by possible spatial variations of the NXB
spectrum across the plane of the detectors: in such case,
the out FOV spectrum would not be an adequate repre-
sentation of the NXB present in an observation of the sky.
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Fig. 5. Same as Fig. 4, the best fit CXB normalization is
shown. Units are photons cm−2 s−1 sr−1 keV−1 at 3 keV.
The contributions from out-of-field scattered light have
not been subtracted. Errors (at 90% confidence level for
a single interesting parameter) include the uncertainty on
the renormalization of the quiescent NXB spectrum. The
adopted GTI threshold is marked by the vertical dashed
line. It is evident that no significant variations are ob-
tained as a result of small changes of the selected GTI
threshold (within the range ∼ 2.9 − 3.8σ, marked by the
dotted vertical lines). See text for further details.
Closed observations allow for the extraction of the NXB
spectrum from the same detector region where the CXB
is collected, but the two measurements are not simulta-
neous. Time variations of the NXB spectrum may render
closed observations useless for our study. These problems
will be addressed in the following sections.
A.1. Spectral characterization of the quiescent NXB
The spectrum extracted from the merged closed dataset,
selecting the in FOV region, is presented in Fig. A.1. The
total exposure time is of ∼430 ksec. In the same plot we
show the spectra extracted from the out FOV region for
the sky fields merged dataset (total exposure ∼1.15 Ms)
and the closed dataset. The 2-12 keV continuum is well
represented by a flat power law not convolved with the
telescope collecting areas and CCD quantum efficiencies,
with a photon index of ∼0.2. Several bright emission lines
are seen, due to fluorescence emission from materials of the
telescope and the camera bodies. The strongest are the Al-
K line from the shielding of the cameras and the Si-K line
from the back substrate of the CCD chips (its intensity is
much smaller in the out FOV spectrum); additional lines
from Cr, Mn, Fe, Zn, Au are also visible. For further details
see Lumb et al. (2002).
Fig. 6. Best fit CXB photon index as a function of the
maximum allowed ratio for the 8-12 keV surface brightness
ΣIN/ΣOUT , a probe of the presence of residual soft proton
NXB. The MOS1 case is shown (MOS2 is very similar).
Errors (at 90% confidence level for a single interesting
parameter) include the uncertainty on the renormalization
of the quiescent NXB spectrum. No significant changes are
obtained. The case of the CXB normalization is markedly
different (see Fig. 7).
Fig. 7. Same as Fig. 6, the best fit CXB normalization (in
units of photons cm−2 s−1 sr−1 keV−1 at 3 keV) is plot-
ted here. The stray light correction have not been applied.
Errors (at 90% confidence level for a single interesting pa-
rameter) include the uncertainty on the renormalization of
the quiescent NXB spectrum. When dataset having large
values of the ratio ΣIN/ΣOUT are included, the normal-
ization is systematically higher owing to the presence of
a significant residual SP NXB component (see text). The
adopted maximum allowed ratio (RMAX = 1.3) is marked
by the vertical line. No significant changes are obtained
within small changes of RMAX . See Appendix B for fur-
ther details.
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Fig. 8. Best fit CXB photon index as a function of the off-
axis angle. Each point represents an independent measure
obtained from the analysis of a selected portion of the
detector plane (see text). Errors (at 90% confidence level
for a single interesting parameter) include the uncertainty
on the renormalization of the quiescent NXB spectrum.
The MOS1 case is shown (MOS2 is very similar). The
constant trend is a result of the correct vignetting function
calibration.
Fig. 9. Same as Fig. 8, the case of the CXB normaliza-
tion is presented here. Units are photons cm−2 s−1 sr−1
at 3 keV. The corrections for the light coming from out-
of-field angles have not been applied. Errors (at 90% con-
fidence level for a single interesting parameter) include
the uncertainty on the renormalization of the quiescent
NXB spectrum. The variations are always smaller than
the uncertainty, confirming the overall correctness of the
vignetting curve calibration.
A.2. Spatial distribution of the quiescent NXB
It is known that the quiescent NXB changes slightly across
the field of view (e.g. Lumb et al. 2002). The strongest spa-
tial variations are seen in correspondence with the internal
fluorescence emission lines. Lumb et al. (2002) showed the
Fig. 10. CXB intensity measurements. The flux in the 2-
10 keV band is represented as a function of the epoch of
the experiment. The plot is an update of Fig.3 of Moretti
et al. (2003) including the results of the present work.
From left to right the CXB values are from Marshall et
al. (1980) with HEAO-1 data; McCammon et al. (1983)
with a rocket measurement; Gendreau et al. (1995) with
ASCA SIS data; Miyaji et al. (1998) with ASCA GIS;
Ueda et al. (1999) with ASCA GIS and SIS; Vecchi et al.
(1999) with BeppoSAX LECS/MECS; Lumb et al. (2002)
with XMM-Newton EPIC/MOS; Kushino et al. (2002)
with ASCA GIS. Finally, the hollow star mark our own
CXB measurement with the EPIC MOS cameras onboard
XMM-Newton. All the uncertainties are at 1σ level. The
horizontal dotted lines mark the range of CXB intensity
constrained by our measurement after including an extra
3.2% uncertainty (1σ confidence level, rescaled from the
5% uncertainty quoted in the text, which corresponds to
90% confidence level) on the absolute flux calibration of
the EPIC cameras (it is indeed a measure of the cross-
calibration accuracy among different instruments). Such
range represents the most robust estimate of the true ab-
solute sky surface brightness in the 2-8 keV band.
peculiar, non-uniform distribution of the Al-K (strongly
suppressed near the edges of CCD#1) and of the Si-K
(strongly brighter near the edges of CCD#1) emission (see
their Figures 2 and 3), due to shadowing effects as a con-
sequence of the non-planar disposition of the CCD chips.
An inspection of Fig. A.1 immediately shows the dif-
ferent relative strength of the fluorescence lines in the qui-
escent in FOV and out FOV NXB. Apart from the above
mentioned Al-K and Si-K cases, it is evident that the Au
emission (most probably associated with the gold coated
readout flexible circuits) is much stronger in the out FOV
spectrum. In particular, the prominent structure at ∼2.15
keV in the out FOV spectrum is virtually absent in FOV.
To investigate the possible presence of spatial varia-
tions in the continuum, we have studied the closed NXB
on each CCD detector separately. The spectra were fitted
in the 2-12 keV range with a model consisting of a power
law with the addition of multiple gaussians to reproduce
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the fluorescence lines, not convolved with the telescope
areas and the CCD quantum efficiencies. We found, as
expected, strong variations in the line intensities (their
energies and width are found to be stable); marginally
significant variations in the photon index were also seen.
The observed variations of the quiescent NXB across
the FOV strongly suggest that it is better to extract the
NXB and the source spectra from the same region of the
detector. This is particularly important in the case of the
faint CXB, whose signal is lower than the NXB over the
whole 2-8 keV energy range.
To assess whether the closed observations are indeed
representative of the actual quiescent NXB affecting a typ-
ical sky field observation, we compared the closed spec-
trum extracted from the out FOV region with the corre-
sponding out FOV spectrum from the merged sky dataset.
Apart from a multiplicative factor required to match the
intensities (due to the non-simultaneity of the measure-
ments), we did not find significant differences either in the
continuum shape (the best fit photon indexes were almost
indistinguishable) or in the line components. In Fig. A.2
we show the ratio between the two spectra. The results
of a linear fit to the ratio in the range 2-12 keV are fully
consistent with a constant.
A.3. Temporal behaviour of the quiescent NXB
Non-simultaneous measurements of the NXB can be used
to study the CXB only if the NXB spectrum is stable in
time. As a first step, we studied the secular variation of
the NXB surface brightness in different energy ranges. As
a typical example, we show in Fig. A.3 the light curves
in the 8-12 keV band for the out FOV regions of the sky
observations and for the closed observations (the in FOV
region was selected in this case).
The main results are:
– the large majority of the observations follow a smooth
secular trend: the surface brightness decreases by 30%
from revolution 50 to revolution 100, reaches a mini-
mum around revolution 150 and thereafter slowly in-
creases.
– the secular trend and the absolute surface brightness
values for the normally behaving cases are almost equal
for the sky field data out FOV and the closed observa-
tions.
– The points deviating from the general trend corre-
spond to observations performed under high radiation
conditions. For instance, the closed observation of rev-
olution 329 was taken during an intense solar flare.
– during high radiation periods, the intensity of the NXB
can be more than an order of magnitude higher than
average.
– the scatter around the good behaviour is of order 15%
for the sky observations, while it is much higher for
the closed observations, since the latter are often per-
formed at the beginning/end of the visibility window
of the orbit, closer to the perigee, where the flux of
particles (from the radiation belts) is generally more
intense than in the higher part of the satellite orbit.
The light curves in other energy bands are very similar
and are not reported here. What is important to the aim of
the present study (as well as for the study of faint diffuse
sources) is to assess the stability of the quiescent NXB
spectral shape. In Fig. A.4 we plot the surface brightness
in the band 1.4-1.6 keV (dominated by the Al-K internal
fluorescence line) versus the 2.5-5 keV band (continuum
emission only) for the closed observations. It is evident
that, although a definite correlation is present, the scatter
of the points is rather high. A very similar effect is seen
comparing the 0.5-1.2 keV band with the 2.5-5 keV; on
the contrary, the correlation between the 2.5-5 keV and
the 8-12 keV bands is much better (see Fig. A.5).
This suggests that the spectral shape may change in
time, the fluorescence lines having a time behaviour quite
different from the high energy continuum. A similar result
was reported for the pn camera by Katayama et al. (2002).
A poor correlation is also seen between the low energy
and the high energy parts of the continuum, while the 2-
12 keV band presents a rather coherent behaviour. These
results have important implications for the study of faint
diffuse sources when an independent measurement of the
background spectrum is needed: a simple renormalization
of the quiescent NXB using the high energy range (e.g.
8-12 keV) count rate could lead to systematic errors in
both the continuum (low energy wrt. high energy) and
the lines.
We investigated in more detail the dependence of the
NXB spectral shape on the intensity of the high-energy
particle flux. We divided the sample of the closed observa-
tions in two parts, a “high intensity” dataset and a “low
intensity” dataset (respectively, above and below a 8-12
keV surface brightness of 0.007 cts cm−2 s−1, see Fig. A.3).
We then extracted the spectra from the in FOV region. We
show in Fig. A.6 the ratio of the two spectra. As expected
from the previous analysis, differences are observed in the
low energy part of the continuum and in correspondence
of the brightest fluorescence lines; however, the most in-
teresting result is that the ratio above 2 keV is constant.
We tried a linear fit to the data in the 2-12 keV range; the
slope was found to be statistically null.
This demonstrates that the NXB continuum spectral
shape in this energy range does not depend on the in-
tensity of the impinging flux of cosmic rays; no signifi-
cant changes are seen even in presence of very large vari-
ations in intensity. It is therefore possible to use non-
simultaneous measures of the quiescent NXB spectrum
for the study of the 2-8 keV CXB. The only caveat is to
compute a renormalization factor in order to match the in-
tensity of the NXB component present in the two dataset.
A.4. Conclusions
The results of the study of the quiescent NXB can be
summarized as follows.
14 De Luca & Molendi: XMM-Newton Cosmic X-ray Background spectrum
Fig.A.1. Quiescent NXB spectrum for the MOS1 cam-
era. From top to bottom: data from closed observations
(black), in FOV region; from the sky merged dataset (red),
out FOV region; from closed obs.(green), out FOV region.
The closed out FOV spectrum has been rescaled by a fac-
tor of 3 to ease its visibility; no renormalization was per-
formed on the other spectra. Total exposure time is of
∼430 ksec for the closed spectra, ∼ 1.15 Ms for the sky
data. The labels identify the strongest internal fluores-
cence lines. Significant differences in the fluorescence lines
intensities are evident between the in FOV and the out
FOV spectra.
– The ratio between the closed and the sky field (out
FOV) spectra shows that closed observations give a
correct representation of the quiescent NXB present
in a typical observation of the sky.
– The spatial analysis revealed strong variations in the
fluorescence line component across the detector plane,
as well as hints for variations in the continuum. A
NXB spectrum extracted from the same detector re-
gion where the CXB is collected would therefore be
preferable.
– The temporal analysis demonstrated that variations
up to a factor of 10 in intensity may occur during high
radiation periods. The spectral shape may change in
time; in particular, the low energy (0.5-1.2 keV) and
high energy (>2 keV) continuum variations are poorly
correlated; the same is true for continuum and fluores-
cence line component. In any case, the spectral shape
above 2 keV is very stable, at least for the continuum.
In conclusion, to the aim of the present work, the use
of the closed observations is more appropriate to get the
indepenent measurement of the quiescent NXB required
to study the CXB.
Appendix B: Any residual soft proton
contamination ?
A very important step in order to get a robust measure
of the faint CXB spectrum is to investigate the presence
Fig.A.2. Ratio between the spectra extracted from the
out FOV region for the sky merged dataset and for the
closed dataset. Data are from the MOS1 camera; the
MOS2 case is very similar. A linear fit to the range 2-12
keV is fully consistent with a constant.
of a residual component of soft proton NXB in the GTI-
filtered event lists, as a consequence of a steady flux of
particles impinging the detectors and/or of other peculiar
conditions of low-energy particle irradiation. A soft pro-
ton contamination could indeed affect the study of faint
diffuse sources; so far, no systematic investigations of this
problem were published (but see De Luca & Molendi 2002
for a preliminary report).
In the case of the ACIS instrument onboard Chandra,
rather similar to XMM-EPIC in both the orbit and the de-
tector technology, Markevitch et al. (2003) reported that
the spectrum of the dark Moon is consistent with the spec-
trum collected when the CCDs are in the stowed position
(outside the field of view) and therefore the steady flux of
low energy particles can be as low as zero. In any case,
the low statistic in the dark Moon spectra, coupled to
the small number of observations, prevented the authors
from drawing definitive conclusions. However, Markevitch
et al. (2003) showed that “long flares”, having a very low
time variability along an observation, may occasionally
occur, affecting the spectral study of faint diffuse sources.
The higher collecting area suggests a priori that in similar
conditions the flow of gathered particles could be higher
(and therefore its impact on science more important) for
XMM/EPIC than for Chandra/ACIS.
In the next sections we will present a simple diagnostic
to reveal and quantify the residual soft proton component
affecting an observation; we will also study its impact on
the measure of the CXB spectrum.
B.1. A diagnostic to reveal soft proton contamination
The basic idea to identify the residual low energy particle
background is to look for its signature in terms of a non-
uniform distribution of the count rates across the plane of
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Fig.A.3. Secular variation of the surface brightness (units
of counts cm−2 s−1) in the 8-12 keV range for MOS1 (red
points) and MOS2 (black points): out FOV regions in sky
fields observations (empty squares) and in FOV region in
closed observation (filled squares). A smooth trend having
a broad minimum around revolution ∼150 is seen; a high
scattering, due to different particle radiation conditions,
is also evident.
the detectors, due to the focusing of the particles by the
telescope optics. We studied therefore the surface bright-
ness in the regions inside and outside the field of view: any
residual soft proton component should be visible only in
FOV. We selected the high energy band (8-12 keV), ex-
cluding the central CCD in order to minimize the presence
of genuine cosmic X-rays in the count rate in FOV.
As a first step, we plotted the surface brightness
in FOV (ΣIN ) versus the surface brightness out FOV
(ΣOUT ). This is shown in Fig. B.1. A clear correlation
is present; however, a rather high scatter of the points
is evident. The same plot obtained for the case of the
closed observations shows a much better correlation (see
Fig. B.2).
As a second step, we studied whether the scatter in Fig.
B.1 can be ascribed to an anomalous flux in FOV. This
is absolutely clear from Fig. B.3, where we have plotted
the ratio of the surface brightness ΣIN/ΣOUT versus the
surface brightness ΣIN . Such a clear correlation is not
seen at all in the plot of ΣIN/ΣOUT vs. ΣOUT presented
in Fig. B.4.
It is thus evident that in some observation the NXB
surface brightness inside the field of view is higher than
outside. From Fig. B.3, we can see that the most patho-
logical cases can show a quiescent NXB intensity up to
300% higher than average. We note that such anomalous
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Fig.A.4. The correlation between the surface brightness
(units of counts cm−2 s−1) in the 1.4-1.6 keV range (domi-
nated by the internal Al-K fluorescence line - see Fig. A.1)
and the surface brightness in the range 2.5-5 keV (contin-
uum). Data are for closed observations; MOS1 red and
MOS2 black. A rather high scatter is evident.
count rates are to be entirely ascribed to an enhanced
NXB component, since the signal expected from the CXB
in the selected energy range and off-axis angle is of order
of ∼0.5% of the overall count rate, and no bright sources
are present in our selected fields.
We inspected the light curves of the most deviating
observations. Two phenomenologies, as expected, were ob-
served. First, a very smooth light curve, with an average
“quiescent” count rate significantly higher than expected
for a typical blank sky field, and slow time variability along
the observation duration (see Fig. B.5). These could be the
cases of “long flares” of soft protons, affecting the whole
observation and showing little or no time variability, sim-
ilar to what occasionally observed by Markevitch et al.
(2003) in the Chandra case. Second, conversely, a highly
variable light curve with almost no quiescent time intervals
(Fig. B.6). In both cases, as stated in Sect. 3.3, our auto-
mated GTI filtering algorithm cannot be efficient since all
of the observing time is affected by a flux of low energy
particles.
In Fig. B.7 the same plot as in Fig. B.3 is presented;
data from closed observations have been overplotted. It is
evident that for closed observations the ratio of the surface
brightness ΣIN/ΣOUT remains constant under all of the
observed low energy particle irradiation conditions. The
results of a linear fit to the two distributions are also in-
teresting: the ratio ΣIN/ΣOUT is found to be lower for the
closed observations. This is true also for the sample of sky
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Fig.A.5. Same as Fig. A.4; the surface brightness (units
of counts cm−2 s−1) in the energy ranges (2.5-5 keV) and
(8-12 keV) show a better correlation.
Fig.A.6. Ratio of the spectra from the “high intensity”
and “low intensity” samples of closed observations (see
text) for the MOS1 camera. The MOS2 case is very simi-
lar. Although deviations are seen in correspondence of the
fluorescence lines, the overall shape in the 2-12 keV range
is clearly constant: the shape of the quiescent NXB spec-
trum is stable in spite of high variations in the flux of high
energy particles.
fields observations which are less affected by the residual
soft proton component. In correspondence of the average
value of the surface brightness in FOV for these observa-
tions (ΣIN ∼ 0.0065 cts cm
−2 s−1 in 8-12 keV), the ratio
ΣIN/ΣOUT for the sky fields is higher by∼ 10%. Although
this difference is seen at a low level of significance (<3σ),
this may be a hint for the presence of an irreducible flow
of low energy particles reaching the detectors during all
science observations.
B.2. Impact on science of the residual soft proton
component
In the previous section we showed that a residual com-
ponent of soft proton background is sometimes (possibly
always) present within the field of view. It is very impor-
tant to assess whether such NXB component can affect
the scientific analysis of faint diffuse sources, and, if this
is the case, to define a recipe to recover reasonable results
from contaminated observations.
To this aim we divided our sample of observations in
different independent subsets, corresponding to different
levels of contamination, the ratio R of surface brightnesses
ΣIN/ΣOUT being a measure of the residual SP NXB level.
We selected three ranges of R: <1.05 (negligible contam-
ination - dataset “a”), 1.05 ÷ 1.30 (low contamination -
dataset “b”), >1.30 (significant contamination - dataset
“c”). In each of the three cases, we applied the algorithm
described in Sect. 3 (in particular, the steps corresponding
to Sect. 3.4÷ 3.7) to extract and analyze the CXB spec-
trum, obtaining three independent determinations of the
best fit CXB parameters. The three total (CXB+quiescent
NXB) spectra are plotted together in Fig. B.8; the corre-
sponding best fitting normalizations and photon indexes
are shown in Fig. B.9.
It is evident that the parameters inferred from the
most contaminated dataset (c) are totally incompatible
with the results of dataset (a) and (b). The slope of the
CXB spectrum is found to be flatter than expected, while
the best fit normalization is higher by more than 100%
(more than 15σ for a single interesting parameter) with
respect to dataset (a). The results from datasets (a) and
(b), on the contrary, are found to be in good agreement
in both the slope and the normalization. Thus, the simple
recipe described in Sect. 3 works well up to values of ∼ 1.3
for the ratio R, i.e. in presence of a low contaminating SP
component.
As a further step we studied the spectral shape of the
contaminating background component. The differences in
count rate among the three datasets can be ascribed, in
principle, to three causes: (i) presence of residual SP NXB,
(ii) variations of the quiescent NXB, (iii) cosmic variance,
due to the discrete nature of the CXB. In order to get the
spectrum of the “pure” residual SP NXB, it is necessary
to remove the variability due to the other causes.
As shown in Appendix A, the variation in the qui-
escent NXB level from observation to observation may be
significant; however, merging several observations (at least
six, as in dataset (c) for the MOS2), the variance should
be lower. We evaluated the actual level of the quiescent
NXB in each of the three datasets using the corresponding
out FOV spectrum. An ad hoc renormalized closed spec-
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trum was then subtracted from each of the three spectra
to remove the quiescent NXB component.
Cosmic variance should not play an important role
in the comparison of the three spectra. As discussed by
Barcons et al. (2000), the expected variance in the CXB
intensity is of order 10% on a solid angle Ω of 1 square
degree, scaling roughly as Ω−
1
2 . The minimum solid an-
gle is covered by dataset (c) (∼1.5 square degree). Since
the CXB signal accounts only for ∼ 10% of the 2-12 keV
count rate, we see that only differences <1% can be due
to cosmic variance.
Any difference among the three (quiescent NXB sub-
tracted) spectra can therefore be ascribed to the residual
SP NXB. Assuming the level of such NXB component to
be 0 in dataset (a), we extracted the pure residual SP
NXB spectrum affecting datasets (b) and (c) by means of
the simple subtraction of spectrum (a).
The NXB affecting dataset (c) is found to have a spec-
trum well described by a power law having photon index of
∼-0.05 and an exponential cutoff at ∼5 keV, not convolved
with the telescope effective areas and the CCD quantum
efficiencies. This is the typical spectral shape of a particle-
induced background component. Markevitch et al. (2002)
reported a very similar result for the “flare” spectra af-
fecting Chandra ACIS observations.
The good statistics allowed to repeat the analysis for
each single observation belonging to dataset (c). The re-
sults clearly showed that the spectrum of the contaminat-
ing component is not stable. The significant differences in
the spectral shape can be equally well reproduced, within
the statistical uncertainty, with variations in the photon
index or in the exponential cutoff position. We note that
cosmic variance, even on a solid angle as small as the single
observation field of view, could account only for a minor
part of the observed variations. It is very likely that the
spectrum of the residual NXB component depend on the
energy distribution of the impinging particles; in any case,
more detailed analyses are beyond the scope of this work.
Turning now to dataset (b), we find that the spectrum
of the anomalous NXB, within the limits of a lower statis-
tics, can be well described by the same model used for the
case (c).
B.3. Conclusions
The results on the study of the residual soft proton back-
ground can be summarized as follows:
– As a result of peculiar low-energy particle radiation
conditions, a significant soft proton NXB component
can survive after GTI screening.
– A study of the ratio of surface brightness ΣIN/ΣOUT
in the high energy range (8-12 keV) can easily reveal
the presence of such residual NXB.
– The spectral shape is a flat power law with an expo-
nential cutoff, not convolved with the telescope effec-
tive areas and the CCD quantum efficiencies, typical
of particle background.
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Fig.B.1. The correlation between the 8-12 keV surface
brightness (counts cm−2 s−1) in FOV and out FOV is
shown for the sky fields observations. Red and black points
represent MOS1 and MOS2 observations, respectively. A
high scatter is clearly evident.
– The intensity can be highly variable. Increases in the
NXB count rate up to 300% can occur.
– The spectral slope is highly variable and unpredictable,
being possibly dependent on the energy distribution of
the impinging particles.
– Spectral study of extended sources may be heavily af-
fected.
– When the intensity of the residual soft proton NXB
is low (up to 30% higher than average) a simple
renormalization of the quiescent background spectrum
yields acceptable results owing to the very flat spectral
shape of the low-level soft proton spectrum. The NXB
level in the observation under exam must be evaluated
within the FOV (better at large off-axis angles), using
the high energy range (better excluding fluorescence
lines, if the statistics is good).
– There are hints for the presence of an irreducible flow
of low-energy particles always reaching the detectors.
Its impact on the analysis of the CXB is negligible.
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Instrument Photon Index Normalization χ2
ν
/d.o.f.
MOS1 1.43±0.07 2.62±0.05 1.16/35
MOS2 1.38±0.07 2.68±0.05 1.17/35
MOS1+MOS2 1.41±0.04 2.647±0.038 1.15/72
Table 1. Results of the spectral analysis on the CXB for the MOS cameras. The normalization is expressed in photons
cm−2 s−1 sr−1 keV−1 at 3 keV (not corrected for the stray light contribution). The quoted uncertainties are purely
statistical errors at the 90% confidence level for a single interesting parameter.
Instrument Photon Index Normalization χ2
ν
/d.o.f.
MOS1 1.42±0.08 2.60±0.06 1.18/35
MOS2 1.41±0.08 2.59±0.06 1.21/35
MOS1+MOS2 1.42±0.06 2.596±0.043 1.16/72
Table 2. Results of the spectral analysis on the CXB for the MOS cameras. Only single pixel events (PATTERN
0) have been used. The normalization is expressed in photons cm−2 s−1 sr−1 keV−1 at 3 keV (not corrected for the
stray light contribution). The quoted uncertainties are purely statistical errors at the 90% confidence level for a single
interesting parameter.
